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Menadione reduces CDC25B expression and
promotes tumor shrinkage in gastric cancer
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Abstract

Background: Gastric cancer is one of the most incident types of cancer worldwide and
presents high mortality rates and poor prognosis. MYC oncogene overexpression is a key
event in gastric carcinogenesis and it is known that its protein positively regulates CDC25B
expression which, in turn, plays an essential role in the cell division cycle progression.
Menadione is a synthetic form of vitamin K that acts as a specific inhibitor of the CDC25 family
of phosphatases.

Methods: To better understand the menadione mechanism of action in gastric cancer, we
evaluated its molecular and cellular effects in cell lines and in Sapajus apella, nonhuman
primates from the new world which had gastric carcinogenesis induced by N-Methyl-N-
nitrosourea. We tested CDC25B expression by western blot and RT-qPCR. /n-vitro assays
include proliferation, migration, invasion and flow cytometry to analyze cell cycle arrest. In
in-vivo experiments, in addition to the expression analyses, we followed the preneoplastic
lesions and the tumor progression by ultrasonography, endoscopy, biopsies, histopathology
and immunohistochemistry.

Results: Our tests demonstrated menadione reducing CDC25B expression in vivo and in vitro.
It was able to reduce migration, invasion and proliferation rates, and induce cell cycle arrest
in gastric cancer cell lines. Moreover, our in-vivo experiments demonstrated menadione
inhibiting tumor development and progression.

Conclusions: We suggest this compound may be an important ally of chemotherapeutics in
the treatment of gastric cancer. In addition, CDC25B has proven to be an effective target for
investigation and development of new therapeutic strategies for this malignancy.
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Introduction

Gastric cancer (GC) is one of the most commonly
occurring types of cancers worldwide! and pre-
sents high mortality rates and poor prognosis.?
Despite this, gastric carcinogenesis remains far
from being fully understood. To obtain a better
understanding of this process, our research group
developed an experimental model in nonhuman
primates, Sapajus apella (S. apella), using
N-Methyl-N-nitrosourea (MNU). In this model,

activities, including cell cycle

the amplification and overexpression of MYC gene
were commonly observed.> MYC is a critical tran-
scriptional factor associated to several cellular
progression.*
Moreover, MYC has been demonstrated as a key
element in gastric carcinogenesis and it is fre-
quently observed to be deregulated in stomach
tumors.>8 According to Da Costa and colleagues,>
MYC-regulated genes also undergo changes by
MNU-induced carcinogenesis progress. Therefore,
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identifying MYC target genes is a crucial step for
knowledge of gastric tumorigenesis and the devel-
opment of new anticancer therapies.

Cell division cycle 25 (CDC25), a group of three
(CDC25A; CDC25B; CDC25C) highly con-
served enzymes that play essential roles in cell
cycle progression,? is one of the MYC protein tar-
gets.!10 In a previous study, the silencing of the
MYC gene in GC cell lines, followed by next-gen-
eration sequencing, allowed the detection of more
than 5000 DEGs (differentially expressed genes)
regulated by this transcription factor. Of this
ratio, the CDC25B gene was found to be in the 10
most prevalent and differentiated genes.!! In
addition, analyses in clinical samples revealed
that the increase in CDC25B expression is associ-
ated with the early onset of gastric tumors.!2

The CDC25B gene encodes a dual-specificity
phosphatase that induces the cell division by acti-
vating Cdkl-Cyclin B complexes, which in turn
are responsible for the G2/M transition during
cell cycle progression.!>!4 The phosphatase
CDC25B plays the abovementioned role by the
dephosphorylation of the adjacent phosphothreo-
nine and phosphotyrosine residues, pThr14 and
pTyrl5, on the cyclin-dependent kinases 1
(CDK1) subunit; therefore, it is fundamentally
required for cell entry into mitosis.!314 In addi-
tion, the constitutive CDK activation causes an
overphosphorylation of proteins that promote cell
cycle progression,!3 thus increased activity of
CDC25B may be closely related to tumor devel-
opment and progression. This phosphatase has
been described as overexpressed in many differ-
ent types of cancer, including GC.15-17 Herewith,
CDC25B inhibitors, such as menadione (MD),
might be a useful therapy strategy against these
tumors.

MD is a synthetic analog of vitamin K and acts as
a specific inhibitor of CDC25 phosphatases by
interacting with the active site of the protein and
forming a covalent bond, thus preventing the
enzyme performing its function.!® Some studies
have described MD inhibiting cell proliferation
and inducing apoptosis in different types of can-
cer.1921 A recent study showed that CDC25C
expression decreases in an MD dose-dependent
manner in GC cells, suggesting this compound
inhibits tumor cells’ growth by reducing CDC25C
expression.?? To our knowledge, this is the first
study associating the silencing of the CDC25B

gene and the use of MD in GC. We aimed to ana-
lyze MD potential, iz vitro and in vivo, as an anti-
tumoral agent through the inhibition of CDC25B
expression, evaluating its ability to prevent tumor
development and tumor progression.

Materials and methods

Cell lines and culture

In the present study we used three GC cell lines
established by our research group, derived from
patients from the state of Para, Brazil. Cell line
AGPO01 was established from the ascitic fluid of
an individual with metastatic intestinal-type GC,
ACPO02 from diffuse-type GC, and ACP03 from
intestinal-type GC.23 All cell lines present MYC
amplification and chromosome 8 trisomy, where
MYC is located.?>2* It has also been demon-
strated that all three cell lines show increased
mRNA and protein expression of MYC and
CDC25B.12 MNP0l (Normal Gastric Mucosa
Cell Line 01), cell culture of non-neoplastic gas-
tric mucosa cells pooled from 10 patients without
GC, which was also established by our research
group, was used to evaluate the normal CDC25B
mRNA and protein expression.

Cell lines were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco/ThermoFisher,
Waltham, MA, USA) and supplemented with 10%
fetal bovine serum (FBS; Gibco/ThermoFisher,
USA) and antibiotics (100pg/ml streptomycin;
100U/ml penicillin; 0.25pug/ml amphotericin B).
All cell lines were maintained in a humidified
atmosphere at 37°C containing 5% CO,.

Cell viability

Colorimetric MTT assay. Tetrazolium salt was
diluted in phosphate-buffered saline (PBS) to a
concentration of 5mg/ml. Cells were cultured in
6 cm? plates at a concentration of 3 X 105. Each
well received 50ul of tetrazolium salt and the
plate was then incubated for 3h under normal
culture conditions. MD was tested in three differ-
ent concentrations (0.5uM; 1.0uM; 25uM),
while the corresponding nontreated cell line was
used as the negative control. For colorimetric
analysis, MTT formazan crystals were solubilized
in isopropanol and quantified by spectrophotom-
etry at a wavelength of 570 nm. The viability per-
centage of all test samples was calculated using
the mean absorbance of each sample, considering
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the negative absorbance mean of negative control
as 100%.25 All tests were performed three times
and in triplicate.

Trypan blue dye exclusion assay. Cells at 80-90%
confluence were harvested and plated on a six-well
plate at a 2 X 10° concentration of cells per well in
a final volume of 2 ml of complete DMEM media.
MD was tested in three different concentrations
(0.5 uM; 1.0 uM; 25 uM), while the corresponding
nontreated cell line was used as the negative con-
trol. After treatment, cells were incubated for 48h
at 37°C in a 5% CO, incubator and then counted
using a standard hemocytometer-based cell-
counting method. Tests were performed three
times and in triplicate.

Small interfering RNA [siRNA] transfection and
menadione treatment. An amount of 3 X 103 cells
of each cell line were seeded into 6cm?2 plates
before transfection and MD treatment. Cells were
cultured for 24h until cell density was approxi-
mately 50%. For CDC25B silencing by siRNA, all
the GC cell lines were transfected using Silencer
Select siRNA specific for CDC25B (s2753;
#4390824; Ambion, Foster City, CA, USA). For
CDC25B inhibition by MD evaluation, all three
cell lines were treated with MD at a concentration
of 25 uM (Sigma-Aldrich, St. Louis, MO, USA)
for 48h and the results were compared with
siRNA silencing values. For each cell line, the
control was the cell line itself before the MD
treatment or siRNA transfection. All siRNA and
MD experiments were performed three times.

Cell proliferation by direct counting

Briefly, AGP01, ACP02 and ACPO03 cells were
harvested after 24, 48 and 72h of siRNA transfec-
tion and MD treatment, and directly counted in
Neubauer chambers. The total number of cells
estimated was used to determine cell prolifera-
tion. All three times, the experiments were carried
in triplicate.

Migration and invasion analysis

Migration and invasion experiments were carried
out in a modified Boyden chamber with 8 um
pore filter inserts for 12-well plates (BD
Biosciences, San Jose, CA, USA). Particularly in
invasion experiments, filters were coated with
10 ul of Matrigel (10-13 mg/ml) (BD Biosciences,
San Jose, CA, USA) and stored overnight. For

both experiments, after siRNA transfection and
MD treatment, 2 X 103 cells of each cell line were
plated into the upper chamber in 1 ml of DMEM
without FBS. The lower chamber was filled with
1.5ml of DMEM with FBS and cells were incu-
bated at 37°C in a 5% CO, incubator for 18h and
48h for migration and invasion assays, respec-
tively. Then, cells were fixed with 4% paraformal-
dehyde and post-fixed with 0.2% crystal violet in
20% methanol. Cells on the upper side of the fil-
ter, including those in the Matrigel, were removed
with a cotton swab. Invading cells (on the lower
side of the filter) were photographed and counted.
All experiments were carried in triplicate.

Cell cycle analysis by flow cytometry

For the cell cycle analysis, siRNA transfection
and MD treatment were carried for 72h. Cells
were treated with 10 uM BrdU (Sigma-Aldrich,
USA) for 60min, trypsinized and then fixed in
80% ethanol at —20°C overnight. Then, the cell
pellet was treated with 2M HCL/0.5% Triton
X-100 (Sigma-Aldrich, USA) for 30 min at room
temperature, neutralized with 0.1 M Na,B,0,,
and stained with FITC-anti BrdU antibodies
(Sigma-Aldrich, USA). Posteriorly, the cells were
centrifuged at 1000 rpm for 5—7 min and 400 ul of
propidium iodide (PI)-RNase solution (38 mM
Na,;CoH,0,+69uM PI+1ul of 10mg/ml
RNase A) (ThermoFisher, USA) was added to
the pellet and resuspended well. Samples were
incubated in the dark for 30 min at 37°C before
analysis by BD FACSCanto™ II (BD Biosciences,
USA) flow cytometer. All cell lines were analyzed
three times. The forward light scatter (FSC) of
nonfixed cells was used as a relative measure of
cell size.

Animal experimentation: Sapajus apella
Experimental design. To define the sample num-
ber of the experimental design we relied on the
concepts of replacement, reduction, and refinement
(3Rs) established by Russell and Burch?2® in the
book The Principles of Humane Experimental Tech-
nique, which remains a reference for studies using
animal models.?”

In total, taking into account the concepts of Russell
and Burch,?% the needs of the study and the maxi-
mum number of animals allowed by the ethics
committee, we used 20 adult male primates
(around 6years old), weighing between 2.6 and
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3.5kg. The animals were obtained and allocated
in the Centro Nacional de Primatas (National
Primates Center), in the state of Para, Brazil,
where they were fed with a healthy and balanced
diet, not enriched with sodium chloride, and
weighed daily. Each animal was identified with a
microchip, and throughout the entire treatment
they were inspected daily, and their clinical
symptoms were recorded. Additionally, blood
samples of all animals were collected for hemato-
logical and biochemical analysis according to Da
Costa and colleagues® All animals underwent
veterinary examinations before the start of the
experiments and were considered healthy for
the first blood collection, endoscopy, and ultra-
sonography. We followed, according to the
Weatherall report “The use of non-human pri-
mates in research’, all the necessary recommen-
dations to maintain the animals’ welfare and
alleviate their suffering. This study was approved
by the Ethics Committee of Federal University
Para (PARECER MED-002-13).

In-vivo experiments were performed in two differ-
ent models.

Model 1: cell lines inoculation. 12 primates were
randomly split into three groups of four animals:

e Cell line group (CL): four S. apella inocu-
lated with GC cell line and treated with
saline solution injections instead of MD for
14 days.

e Cell line plus MD 1 group (CLMD1): four
S. apella inoculated with GC cell line and
then treated with MD at a concentration of
2.5 g/m? since day 5 of cell line inoculation
in a total of 14 days.

e Cell line plus MD 2 group (CLMD2): four
S. apella inoculated with GC cell line and
treated with MDD at a concentration of 2.5 g/
m? concomitantly for 14 days.

Model 2: MNU inoculation. Eight primates were
randomly split into two groups of four animals:

e MNU group: four S. apella treated with
MNU for 960 days.

e MNU + MD group: four S. apella treated
with MNU plus 2.5 g/m? of MD concomi-
tantly for 960 days (since day 0).

Cell line inoculation. A cell line concentration of
1019 was inoculated in the animals percutaneously,

between the mucosal and submucosal layers of the
antral region of the stomach, according to the pro-
tocol established by Da Costa and colleagues,?
which determined ACPO03 as the standard for the
process of tumorigenesis in nonhuman primates.
One week before the cell line inoculation, all pri-
mates were immunosuppressed by a single dose of
50mg/kg of cyclophosphamide (Sigma-Aldrich,
USA). Ultrasonography was used to visualize the
stomach tissues during cell line inoculation.

Menadione treatment. For MD treatment the
concentration of 2.5g/m? was determined based
on a therapeutic scheme used in human patients
which was adapted for S. apella, taking into
account the weight of the animal.?8:2° Doses were
calculated at the time of injection, according to
the animal’s weight. MD was injected by slow
infusion in the right or left femoral vein of pri-
mates, alternating when needed, in a single dose
daily. Veins of arms or neck can also be used if
necessary to avoid pain for the animals. Experi-
ments were performed with commercial MD
acquired on the Sigma-Aldrich website (Sigma-
Aldrich, USA). Water was given ad libitum during
MD treatment.

MNU treatment. MNU treatment followed pre-
cisely the protocol established by Da Costa and
colleagues® All animals received fresh oral doses
of MNU (N1517; Sigma-Aldrich, USA) daily for
960days at a dosage of 16 mg/kg body weight.
The animals also received drinking water contain-
ing MNU in light-shielded bottles daily. Water
was restricted during MNU treatment.

MNU and MNU+ MD groups follow up. Gastric
mucosa alterations and tumor growth were fol-
lowed by endoscopy examination and ultraso-
nography. The animals were submitted to
endoscopy before, during, and after the period of
treatments and biopsy samples were collected
from healthy and non-normal gastric mucosa tis-
sue (e.g. nonatrophic gastritis; atrophic gastritis;
metaplasia; neoplasia). Biopsies were collected
on days 0, 90, 120, 300 and 960 of the treatment
with MNU and MNU + MD, and a pachymeter
was used to measure the tumor biopsies. For his-
tological and immunohistochemical analysis,
part of each S. apella gastric mucosa biopsy sam-
ple was embedded in paraffin, cut in 5mm sec-
tions, and stained by hematoxylin and eosin. All
samples were histologically classified according
to Lauren.??
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Menadione treatment after tumor development. It
was necessary to remove four primates from the
second model of the study to avoid their death,
leaving only two in each group. These animals
were presenting symptoms of high toxicity due to
treatment with MNU. One of the two remaining
S. apella from the MNU group was treated with
MD in three cycles of two days (one dose daily),
with a cycle every 21days from day 990 (30days
of rest after MNU-alone treatment). This proto-
col was adapted from Tetef and colleagues?8-29
The animal had 28 days of rest after the three MD
cycles. On day 1060, both the treated and non-
treated animals were submitted to surgical
removal of the tumor, and the tumor size was
evaluated and compared between the two ani-
mals. CDC25B protein and mRNA expression
were tested by western blot and real-time reverse
transcription quantitative PCR (RT-qPCR),
respectively, and compared between primates.

mRNA and protein expression analysis

In cell lines, both assays were performed before
and after siRNA silencing and MD treatment.
The MNPO1 Cell Line was used as a negative
control. In the second model of nonhuman pri-
mates, the tests were performed on days 0, 90,
120, 300 and 960 (day O was used as a calibra-
tor). In the first model, we could not obtain tumor
samples.

DNA/RNA/protein extraction and purification

In cell line assays, the total RNA and proteins
were extracted after 48h of siRNA transfection
and MD treatment with TRIzol reagent. For the
S. apella experiments, we used the AllPrep DNA/
RNA/Protein Kit (Qiagen, Hilden, Germany)
which works perfectly for these primates.? The
total protein, mRNA and DNA were simultane-
ously isolated from healthy and non-normal gas-
tric tissue samples obtained by endoscopy and
surgical resection according to the manufacturer’s
instructions. The protein pellet was dissolved in a
buffer containing 7M urea, 2M thiourea, 4%
CHAPS, 50mM DTT, 1% Protease Inhibitor
Cocktail (Sigma-Aldrich, USA), and 0.5% each
of Phosphatase Inhibitor Cocktail 1 and 2 (Sigma-
Aldrich, USA), following the protocol of Leal and
colleagues3! To determine the protein concentra-
tions, we used the method of Bradford (Sigma-
Aldrich, USA). The RNA quality was tested by
1% agarose gels and the concentration was

determined using NanoDrop spectrophotometer
(Kisker Biotech, Steinfurt Germany). Samples
were stored at —80°C until use.

mRNA expression. Complementary DNA was
manufactured using the Reverse Transcription
System according to the manufacturer’s protocol
(A3500; Promega, Madison, WI, USA), then
amplified by RT-qPCR using TagMan probes
purchased as Assays-on-Demand Products for
Gene Expression (Life Technologies, Carlsbad,
CA, USA) and a 7500 Fast Real-Time PCR
instrument (Life Technologies, USA). The
GAPDH gene was selected as an internal con-
trol.> All RT-qPCRs were performed in triplicate
for the target gene (CDC25B: Hs00244740_m1)
and the internal control (GAPDH:
NM_002046.3).

The relative quantification (RQ) of gene expres-
sion was calculated according to Livak and
Schmittgen.32 In tissue sample analyses, the cor-
responding control sample was designated as a
calibrator from each tumor. In the cell line analy-
sis, the siRNA control-transfected cells were used
as a calibrator. The gene expression in the
MNPO1 was also designated as a calibrator from
all GC cell lines.

Western blotting. Western blot assay was per-
formed as previously described by our research
group.3! A total of 25 ug of the reduced protein
from each sample was separated by 12.5% homo-
geneous sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then trans-
ferred to a polyvinylidene fluoride (PVDF) mem-
brane (Hybond-P; GE Healthcare, Chicago, IL,
USA). To block the PVDF membrane we used
PBS containing 0.1% Tween 20 and 5% low-fat
milk, and then the membrane was incubated
overnight at 4°C, with the primary antibody of
the target genes: anti-CDC25B (dilution 1:1000;
PA5-14100; Life Technologies, USA), and anti-
ACTB (dilution 1:250; Ac-15; Life Technologies,
USA) used as a loading reference control. For
cell cycle analyses, we used rabbit polyclonal
antibody against Phospho-CDK1 (Tyrl5) (dilu-
tion 1:500; PA5-85508, Invitrogen, USA) and
mouse monoclonal antibody against Cyclin Bl
(dilution 1-3pg/ml; MA5-13128; Invitrogen
USA), and anti-ACTB as a loading reference
control. After extensive washing, a peroxidase-
conjugated secondary antibody (Life Technolo-
gies, USA) was added for 1 h at room temperature.
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Immunoreactive bands were visualized using the
western blotting Luminol reagent (Life Technolo-
gies, USA), and images were acquired using an
ImageQuant 350 digital image system (GE Health-
care, USA).

Immunohistochemical analysis

Primates’ gastric tissue sample sections were
deparaffinized in xylene and then rehydrated in a
graded series of ethanol. After heat-induced
epitope retrieval, we incubated the tissue sec-
tions with primary mouse monoclonal antibody
against CDC25B (dilution 1:10; PA5- 14100;
Life Technologies, USA). The universal peroxi-
dase-conjugated secondary antibody kit (LSAB
System; DakoCytomation, Glostrup, Denmark)
was used for detection. We used 3,3’-diamin-
obenzidine/H,0, (DakoCytomation, Denmark)
as the chromogen, and hematoxylin was used as
the counterstain. The expression of CDC25B in
GC cells was evaluated using light microscopy
with a semiquantitative scale: 0 pt — no reaction,
1 pt — weak reaction, 2 pts — moderate reaction
and 3 pts — intense reaction. The classification
given to each tissue section was calculated
according to the average of the counts made in
five fields at 400X magnification, selected at
random.?3

Statistical analysis

As all in-vitro experiments were repeated three
times, the results are presented as mean * stand-
ard deviation (SD). Statistical analyses were per-
formed using GraphPad 8.0.1 statistical software
(GraphPad Software, San Diego, CA, USA).
For all in-vitro experiments, p values were calcu-
lated twice: grouped, using one-way analysis of
variance (ANOVA); and separately, using paired
Student’s 7 test. In-vivo experiments were ana-
lyzed separately for each day using unpaired
Student’s 7 test. As at the end of MNU treat-
ment only two primates were available for the
study, only one animal was treated with MD for
comparison with the nontreated animal; there-
fore it was not possible to perform statistical
analyses. However, as the mRNA and protein
expression numbers were very similar to the data
obtained for cell lines analyses and MNU/
MNU + MD group comparison, we assume the
significance may follow the same pattern. p val-
ues <0.05 were considered as statistically sig-
nificant differences.

Results

Cell lines

To evaluate MD toxicity, we performed cell sur-
vival assays in all three GC cell lines and could
not find significance in any of the tested concen-
trations, demonstrating that MD does not pre-
sent cytotoxicity in the concentrations used to
perform our experiments (Figure 1). On the other
hand, a very significant decrease in proliferation,
invasion and migration levels were observed after
MD treatment, following the same pattern of
gene silencing by interfering RNA (Figure 1).

In addition, the flow cytometry assay demon-
strated that MD treatment induced cell cycle
arrest in the G2/M phase (Figure 2). To confirm
cell cycle arrest, we tested the expression of Cyclin
B1 and p-CDKI1 by western blot. It is well known
that high levels of these proteins indicate cell cycle
arrest at the G2/M phase. Our results demon-
strated the overexpression of both proteins after
MD treatment, which indicates the presence of
the inactive Cyclin B-CDK1 complex, confirm-
ing cell cycle arrest (Figure 2).

Furthermore, western blot and RT-gqPCR assays
showed CDC25B expression levels significantly
reduced after MD treatment in all three GC cell
lines (Figure 3)

Animal experiments

In the first model of animal experimentation, the
primates of the CL group presented tumor lesions
in the antral region of the stomach on the ninth
day of ACPO03 inoculation. Tumor volumes were
similar in all animals and they were able to natu-
rally eliminate tumors by day 14. However, in
both CLMDI1 and CLMD2 groups none of the
primates had any type of tumor development.

In the second animal model, until day 300,
CDC25B mRNA and protein expression levels
were slightly lower in animals of the MNU + MD
group compared to animals of the MNU group.
However, at day 960 both expression levels were
around 40% lower in the animals treated with
MD (Figure 4). The animal of MNU group that
was treated with MD after tumor development
presented a considerable decrease in CDC25B
mRNA and protein expression levels at the time
of surgical tumor extraction when compared to
day 990 and to the nontreated animal (Figure 4).
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Figure 1. Menadione does not show cytotoxicity effects but can reduce invasion, migration and proliferation rates. (a) Percentage
of cell viability analyzed by MTT for all three cell lines after MD treatment in different concentrations. Data were evaluated
compared to the control group (respective nontreated cell lines). No significant differences were found between the treated and
nontreated cells or the different drug concentrations. (b) Percentage of cell death analyzed by direct count with trypan blue. Data
were evaluated compared to the control group (respective nontreated cell lines). No significant differences were found between
the treated and nontreated cells or the different drug concentrations. (c) Menadione significantly reduced proliferation rates in

all three cell lines. (d) Menadione significantly reduced invasion rates in all three cell lines. (e] Menadione significantly reduced
migration rates in all three cell lines. The control groups are the respective nontreated cell line. Data were obtained from triplicate
experiments and analyzed by one-way analysis of variance (ANOVA] and paired Student's t test.

*p<0.05, “p<0.01, “"*p<0.001, ***p<0.0001.
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Figure 2. Menadione induced cell cycle arrest at the G2/M phase. (a) Cell cycle analysis by flow cytometry showing a

significant increase in the percentage of cells at G2/M phase after the treatment with menadione in all three GC cell lines.
(b) Menadione high significantly increased protein expression of Cyclin B1 and p-CDK1, confirming its potential to arrest
cell cycle progression at the G2/M phase. (c) Protein expression of Cyclin B1 and p-CDK1 demonstrated by western blot. The
control groups are the respective nontreated cell line.
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Figure 3. Menadione reduces CDC258 mRNA and protein expression in CG cell lines. (a) Comparison of MD and small
interfering RNA effects on CDC25B mRNA expression in GC lines. (b) Comparison of MD and small interfering RNA effects
on CDC25B protein expression in GC cell lines. (c) CDC25B protein expression in GC cell lines analyzed by western blot after
MD treatment and siRNA transfection; equal amounts of whole-cell extracts were analyzed using the indicated antibodies.
The control groups are the respective nontreated cell line. Data were analyzed by one-way analysis of variance (ANOVA] and
paired Student’s t test.
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Figure 4. Menadione (MD) reduces CDC25B mRNA and protein expression in S. apella gastric tumor tissue and prevents gastric
adenocarcinoma development. (a) Effects of the daily MNU + MD treatment on CDC25B mRNA expression during 960days; (b) effects
of the daily MNU + MD treatment on CDC25B protein expression during 960days; (c) effects of MD treatment after MNU-induced
carcinogenesis on CDC25B mRNA expression; (d) effects of MD treatment after MNU-induced carcinogenesis on CDC25B protein
expression; (e) representative image of CDC25B protein expression analyzed by western blot of MNU + MD and MNU group animals
throughout the 960days of treatment. The red arrows indicate the difference of CDC25B expression between the two groups on the
last day of treatment, when the animals of the MNU group developed gastric adenocarcinoma and animals of MNU +MD group
stagnated in metaplasia. (f] Effects of MD on protein expression levels of one MNU group primate before and after MD treatment
analyzed by western blot. The red arrows indicate the difference of CDC25B expression between the treated and nontreated animals
in the day of tumor surgical removal. Data were analyzed by unpaired Student’s t test.

MNU, Methyl-N-nitrosourea; "p <0.05, “p<0.01.
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Figure 5. Menadione (MD) promoted tumor shrinkage. Gastric tissue images made by upper digestive endoscopy of the
Methyl-N-nitrosourea (MNU) group primates. (a) and (b] Images of the same animal on different days. (a) Adenocarcinoma
gastric lesion of the primate treated with MNU alone on day 990. This animal did not undergo MD treatment. (b)
Adenocarcinoma gastric lesion of the primate with no MD treatment on day 1060, before surgical resection. When comparing
the two images, we can observe a considerable reduction of the local inflammation due to the suspension of the MNU
treatment, but there was no visual reduction of tumor size. (c] and (d) Images of the same animal on different days. (c)
Adenocarcinoma gastric lesion of the primate treated with MNU alone on day 990. This animal underwent MD treatment. (d)
Adenocarcinoma gastric lesion after the three MD treatment cycles, on day 1060, before surgical resection. Between these
two images, it is possible to observe, in addition to the reduction of local inflammation, a substantial shrinkage of the tumor

lesion in the primate treated with MD.

It may explain the reasonable shrinkage of the
tumor observed in this primate after MD treat-
ment (Figure 5).

The carcinogenic process in the animals of the
MNU group followed the same pattern previ-
ously described by Da Costa and colleagues:?
nonatrophic gastritis (day 90); atrophic gastritis
(day 120); metaplasia (day 300); and intestinal-
type adenocarcinoma in the antral region of the
stomach (day 960) (Figure 6). Not surprisingly,
on day 300, the animals of the MNU + MD group
presented the same carcinogenic evolution as the
animals treated with MNU alone, but, differently
to the MNU group, the primates treated with
MD had no evolution to gastric adenocarcinoma,
and the lesion stagnated in metaplasia (Figure 4).

Furthermore, in the immunohistochemistry assays,
performed using the primates’ samples obtained
by biopsies, we noticed that in the normal gastric

tissue the immunoreactivity of CDC25B is very
low (0 points in the semiquantitative analysis),
but it gradually increases, from 0 to 3 points, with
the evolution of the preneoplastic lesions (Figure
6(a.1-e.1)). The highest CDC25B immunoreac-
tivity (3 points on the semiquantitative scale) was
observed in the malignant tissue samples (Figure
6(e.1)); however, when analyzing the same ani-
mal after being treated with three cycles of MD, it
showed a significant decrease in the immunoreac-
tivity of CDC25B (2 points on the semiquantita-
tive scale) (Figure 6(f.1)).

In atrophic gastritis (Figure 6(c.1)), metaplasia
(Figure 6(d.1)) and intestinal-type gastric adeno-
carcinoma (Figure 6(e.1)), the protein was found
mainly located in nuclei, and weak expression in
cytoplasm was observed in some cells. Moreover,
in intestinal-type gastric adenocarcinoma, after
the MD treatment, the protein was found located
in nuclei, but not in cytoplasm (Figure 6(f.1))
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Figure 6. The evolution of gastric carcinogenesis in Sapajus apella showing CDC25B immunoreactivity.

(a.1) Non-neoplastic gastric mucosa, at 400X microscopic magnification, collected at day 0, showing very low immunoreactivity

of CDC25B, that is, 0 points on semiquantitative immunohistochemical assessment scale; (a.2) non-neoplastic gastric mucosa, at
100X microscopic magnification, collected at day 0, stained with hematoxylin-eosin; (b.1) gastritis preneoplastic lesion, at 400Xx
microscopic magnification, collected at day 90 of an Methyl-N-nitrosourea (MNU) group animal, showing a slight increase of CDC25B
immunoreaction, but still considered as 0 points in the semiquantitative immunohistochemical evaluation scale; (b.2) gastritis, at
100X microscopic magnification, collected at day 90 of an MNU group animal, stained with hematoxylin-eosin; (c.1) atrophic gastritis
preneoplastic lesion, at 400X microscopic magnification, collected at day 120 of an MNU group animal, showing a higher increase

of CDC25B immunoreaction, which was considered as 1 point on the semiquantitative immunohistochemical evaluation scale; (c.2)
atrophic gastritis, at 100X microscopic magnification, collected at day 120 of an MNU group animal, stained with hematoxylin-eosin;
(d.1) metaplasia preneoplastic lesion, collected at day 300 of an MNU group animal, at 400X microscopic magnification, showing

a considerable increase of CDC25B immunoreaction, corresponding to 2 points on the semiquantitative immunohistochemical
analysis scale; (d.2) metaplasia, at 100X microscopic magnification, collected at day 300 of an MNU group animal, stained with
hematoxylin-eosin; (e.1) intestinal-type gastric adenocarcinoma, at 400X microscopic magnification, collected at day 960 of an

MNU group animal, showing a very increased immunoreactivity of CDC25B, corresponding to 3 points on the semiquantitative
immunohistochemical analysis scale; (e.2) intestinal-type gastric adenocarcinoma, at 400X microscopic magnification, collected at
day 960 of an MNU group animal, stained with hematoxylin-eosin; (f.1) intestinal-type gastric adenocarcinoma after menadione (MD)
treatment, at 400X microscopic magnification, collected at day 1060, showing a reasonable decrease of CDOC25B immunoreaction,
corresponding to 2 points on the semiquantitative immunohistochemical analysis scale; (f.2) intestinal-type gastric adenocarcinoma
after MD treatment, at 400X microscopic magnification, collected at day 1060, stained with hematoxylin-eosin. Inc.1,d.1 and e.1,
the protein was found mainly located in nuclei, with weak expression in cytoplasm observed in some cells. But in f.1, the protein was

found located in the nuclei only, not in cytoplasm.

Discussion

Studies have demonstrated that, in addition to
being directly related to tumor progression in
GC, MYC overexpression promotes prolifera-
tion, invasion and migration in tumor cells.>3%
We suggest that MYC plays these roles by induc-
ing CDC25B expression; therefore, inhibiting
this phosphatase may block the consequences of
MYC amplification on gastric carcinogenesis and
on tumor cells. This hypothesis explains our -
vitro tests results, which demonstrated a highly
significant decrease of cell proliferation, invasion

and migration rates in all three GC cell lines after
MD treatment tests. Our data corroborate the
results of Leal and colleagues,?* which had
already demonstrated CDC25B silencing reduc-
ing all three rates in GC cell lines regardless of
MYC expression levels. As Lee and colleagues??
demonstrated while studying CDC25C, our cell
cycle analyses by flow cytometry and western
blot showed that the silencing of the CDC25B
gene induced cell cycle arrest in the G2/M transi-
tion phase, which justifies the reduced values of
cell proliferation.
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Moreover, the reduced levels of CDC25B mRNA
and protein can explain the lower proportions of
invasion, migration and proliferation. We believe
this fact is due to the MD mechanism of action
that inactivates CDC25B, reduces the active pro-
tein expression and induces cell cycle arrest.
Consequently, the lower cellular activity influ-
ences the cell division signaling process and nega-
tively regulates the mRNA expression of CDC25B.
The decline in expression levels combined with
the other in-vitro data reinforces our hypothesis
that it is due to CDC25B overexpression, induced
by MYC protein, that gastric tumor cells acquire
their most aggressive characteristics.

In the first model of animal experimentation,
using cell line injections, we observed a potential
antitumor action of MD. The primates that
received MD concomitantly with cell lines
(CLMDI1 and CLMD2 groups) did not present
tumor development, and it is likely that MD had
directly acted on the cell line. Therefore, MD
would act to block the cell cycle progression,
decreasing the infiltrative capacity of cells and
preventing their adhesion in the primates’ normal
gastric mucosa.

Our results from the second animal model experi-
ments showed that MD was able to reduce
CDC25B mRNA and protein expression levels in
the primates’ gastric tissue. Furthermore, the ani-
mals treated with MD concomitantly with MNU,
differently to the MNU group animals, did not
develop gastric adenocarcinoma, and the lesion
stagnated in metaplasia, which corroborates the
results obtained by CDC25B expression analyses.
Based on our hypothesis and previous studies, we
suggest MYC deregulation is an event that occurs
early, during the development of preneoplastic
lesions, more specifically in metaplasia.3>
Therefore, MD was not able to prevent the for-
mation of pretumor lesions, but once MYC had
its expression increased, MD acted to block its
effects on CDC25B and prevented the progres-
sion from metaplasia to adenocarcinoma.

Also, in Figure 6(c.1, d.1, e.1) (atrophic gastritis,
metaplasia, intestinal-type  adenocarcinoma
respectively), the primate was being treated exclu-
sively with MNU, and it is likely that the higher
expression of CDC25B found in the cytoplasm
was caught in the moment of translation, before
the protein was transported to the nuclei. This
may be due to the high expression and activity of

the CDC25B gene throughout MNU treatment in
S. apella, showing a large number of proteins
being produced at the cytoplasm. We believe
these cells are the ones that are going to evolve to
the next steps in gastric carcinogenesis, until they
become tumor cells.

On the other hand, in Figure 6(f.1, f.2), the ani-
mal was being treated exclusively with MD after
the MNU treatment. The inhibition of CDC25B
expression by MD may reduce protein produc-
tion at the cytoplasm and, thus, it is not enough
to produce cytoplasmic immunoreactivity that is
visible under an optical microscope. Therefore,
the protein immunoreactivity can only be
observed at the nuclei. These findings corrobo-
rate our gene expression analysis by RT-qPCR
and western blot.

Finally, the animal of the MNU group treated
with MD after tumor development demonstrated
substantial shrinkage of the tumor. We believe it
is due to the decrease of CDC25B mRNA and
protein expression levels observed at the time of
surgical tumor extraction. We suggest this com-
pound had the same action mechanism proposed
for the MNU + MD group and ceased tumor
progression by inhibiting CDC25B expression,
thereby inducing cell cycle arrest and stopping
tumor cell growth.

A second hypothesis is based on the evidence
presented by Sata and colleagues,?® that MD
increases wild-type p53 expression. This tran-
scription factor is known to downregulate MYC?7
and CDC25B genes.38:39 Moreover, results from
our research group demonstrated that only
7-39% of intestinal-type adenocarcinomas pre-
sent variations on p53.4° In this way, MD would
be a specific therapy against M YC gene amplifica-
tion, inducing p53 expression which, in turn,
decreases the expression of MYC and, conse-
quently, of CDC25B. However, this hypothesis
does not alter our suggestion that MD prevents
the consequences of MYC deregulation in GC by
inhibiting CDC25B expression.

Conclusion

MD was shown to be an effective CDC25B inhibi-
tor in GC cell lines, inducing cell cycle arrest and
significantly reducing aggressive characteristics of
the tumor cells. Our n-vivo experiments prove
that MD may be an excellent therapeutic strategy,
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either in isolation or combined with chemothera-
peutics, for patients with GC, especially in more
advanced stages, since it was shown to be effective
as an antitumor agent in nonhuman primates
S. apella, reducing tumor size and progression.
The CDC25B gene was shown to be an attractive
therapeutic target in GC and we suggest a clinical
trial to evaluate the antitumor potential of MD in
patients with advanced gastric tumors as the next
step for this study.
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